Two-step mechanisms in the NN annihilation and their role in the OZI rule violating reactions are discussed. In particular the two meson rescattering mechanism for πφ channel including all off-shell effects is typically two orders of magnitude bigger than the OZI tree level expectation and explains the observed ratio φπ/ωπ in the annihilation at rest. The rates for the final states including photons, γω and γφ, can be explained in the vector dominance model. The observed rate for pp → γω is suppressed due to destructive interference between the intermediate ρ and ω states while the interference in pp → γφ is required to be constructive leading to a large ratio γφ/γω.
Introduction
In the nucleon-antinucleon annihilation near threshold, the channels with strangeness contribute only a few percent [1] , nevertheless, the corresponding reactions are of big importance because they provide new information on reaction mechanisms, proton structure, and exotic states. Of special interest are the processes resulting in the violation of the Okubo-Zweig-Iizuka (OZI) rule [2, 3, 4] . The recent experiments at LEAR have been very successful in providing the data on this subject [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18] . A characteristic feature of the low energy pp annihilation is an abundant production of the φ mesons in some channels (φπ, φγ, φρ, φππ, φω, φφ) which is expected to be OZI suppresses on the tree level because the φ is dominantly ass configuration.
Because the OZI rule can be dynamically broken, it is important to understand whether the effects observed in the pp annihilation can result from known mechanisms of the OZI violation. Two-step processes with ordinary hadrons as intermediate doorway states have been considered long ago and were shown to be important already in unitarity approximation (see [19] and references therein). In the case of NN annihilation two meson doorway mechanisms have been studied for various final states containing φ mesons in pp and pd reactions which violate the OZI rule [20, 21, 22, 23, 24, 25, 26, 27] . Another way of violating the OZI rule is production of flavor mixed or exotic (glueballs, hybrids) intermediate states, an approach which will not be discussed here. Furthermore, one can link the OZI rule violation to the nucleon structure by introducing an intrinsicss component as in [28] (see also [29] and references therein for further details).
The goal of this paper is to review recent theoretical results concerning the evaluation of conventional two step mechanisms for pp → φX as an explanation of the OZI rule violation. 'New physics' should be introduced only if these explanations fail. For earlier reviews we refer to [30, 31] .
The OZI Rule and Flavor Mixing
The OZI rule [2, 3, 4] states that processes with disconnected quark lines in initial or final states are suppressed. For the heavy quarks (c, b, t) this suppression is a consequence of the asymptotic freedom of QCD because the coupling constant α s (q 2 ) becomes small, therefore the creation of a quark-antiquark pair is a perturbative process. The case of strange quarks belongs to the non-perturbative domain and involves more complicated dynamics.
One reason for the OZI rule violation is the flavor mixing in ordinary (nonexotic) hadrons. In QCD with massless u, d, s quarks the hadrons would form SU(3) multiplets, with the OZI suppression mechanism being trivially avoided for the states which are a superposition of all possible configurations. In reality the s quark is significantly heavier than the u and d quarks, and the SU(3) symmetry is broken. In particular, the physical states ω and φ are the superpositions of the SU(3) singlet ω 1 and octet ω 8 states [2, 32] :
where= (uū + dd)/ √ 2. The so called ideal mixing corresponds to a complete decoupling of thess andqq components:
The Gell-Mann-Okubo mass formula with octet-singlet mixing gives the mixing angle Θ ≈ 39
• [33] . The mixing angle can also be obtained from the partial widths of the ω and φ decays into
leading to Θ = 37.1
• . Since Θ = Θ i the OZI forbidden processes involving the φ production can go via the ss −mixing. The corresponding amplitudes are expected to be proportional to the deviation from the ideal mixing (
• . The OZI rule violation on the level of the flavor mixing is usually called nondramatic. Compared to the level given by the ω − φ mixing, the low energy pp annihilation into the γφ, πφ, and φφ channels appears to be rather dramatic exceeding it by 1-2 orders of magnitude. This problem will be discussed in detail in the following sections.
3 The OZI Rule Violation in the pp Annihilation into Two Vector Mesons Table 1 shows the summary of the experimental data on the pp → 1 − + 1 − reactions at rest (the annihilation in liquid target predominantly occurs in the S-wave, in gaseous targets both the S and P waves contribute; the LX trigger in gas mainly corresponds to the P -wave annihilation). gas.
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[11] The vector dominance model (VDM) can be used to connect the amplitude of the reaction pp → γX with the amplitudes for pp → ρX and pp → ωX [37, 21, 7, 8] . The final states of interest for the OZI rule violation correspond to X = φ, ω.
The VDM relation has the form (see Fig. 1 )
where the amplitudes G ab correspond to the final states ab and the coupling constants γ γρ and γ γω are related by
The form-factors F ab (p 2 a ) describe the off-shell behavior of the pp → ab vertex, they are normalized by the condition F ωω (m
Since the final states have well defined C-parity C = +1, the allowed initial pp states are 1 S 0 and 3 P J . Our analysis will be focused on the S-wave annihilation, therefore only the 1 S 0 state contributes. The corresponding partial width is
where P ab is the CMS momentum of the particles a and b in the final state. From (6) (7) (8) (9) and neglecting the mass difference of the ω and ρ mesons the following result for the branching ratios is derived [37] BR(γω) BR(ρω)
where β X is the relative phase between the two terms corresponding to ρX and ωX intermediate states (X = ω, φ).
Reaction pp → γω
Using the experimental branching ratios BR(γω)/BR(ρω) = (2.3 ± 1.1) · 10
and BR(ωω)/BR(ρω) = 1.1 ± 0.3 [6, 7, 8] one gets
there is a destructive interference between the ρ and ω intermediate states with isospin I = 1, 0 in the total amplitude of the reaction pp → γω. The result of the analysis by the Crystal Barrel Collaboration [7] obtained with a model formfactor [38] is cos β ω = −0.60 ± 0.18.
Reaction pp → γφ
Using the experimental branching ratios BR(γφ)/BR(ρφ) = 0.05 ± 0.025 and BR(ωφ)/BR(ρφ) = 1.6 ± 1.1 [5, 11] one gets
If F ρφ ≈ F ωφ ≈ 1, then the data can be explained by a constructive interference between the ρ and ω terms. The effect of the formfactor in this case can be more significant than for the γω final state because of a larger difference in the final momenta: P ρφ = 0.28 GeV/c and P γφ = 0.66 GeV/c (compare with the case pp → ρω, γω : P ρω = 0.53 GeV/c and P γω = 0.78 GeV/c). The analysis done in [8] arrived at the conclusion that the VDM prediction is too small to describe the experimental data. This conclusion, however, strongly depends on the model formfactor [38] . If we use the following formfactor
where P (p 2 ρ ) is the CMS momentum of the particles in the final state, and a similar one for the ωφ vertex, than for Λ = 1 GeV/c the suppression factor is F ρφ (0) = 0.75 and the VDM relation (13) holds true for cos β φ ≈ 1.
Thus the relative phases of the intermediate terms I = 0, 1 for the two reactions pp → γω, γφ are different, and this agrees with the observation that ω − φ mixing cannot be the dominant mechanism of the φ production. Indeed, the OZI rule violation in the φω and φρ channels, given by the ratios BR(φω)/BR(ωω) ∼ BR(φρ)/BR(ωρ) ∼ 10 −2 , seems to exceed the level expected from the deviation from the ideal mixing,
, but is not dramatic. Thus a seemingly drastic violation of the OZI rule observed in the ratio BR(γφ)/BR(γω) = 0.24 ± 0.09 [7, 11, 12] 
Two-Step Mechanism as Dynamical Breaking of the OZI Rule
Reactions which are OZI forbidden in a tree approximation can proceed via twostep mechanisms without a violation of the OZI rule at the individual steps [19, 39, 40, 41] . Before discussing this mechanism in the pp annihilation we briefly illuminate it by the example of the φ → ρπ decay.
The OZI rule violation φ → ρπ decay
The width of the φ → ρπ decay due to the ω − φ mixing is given by the estimate
where g 2 ωρπ /4π = 20.6 GeV −2 [42] and P φ→ρπ is the CMS momentum of the particles in the final state. This is significantly smaller than the experimental value Γ φ→ρπ = 0.57 MeV. The latter can be explained by the two step mechanism φ → KK → ρπ [45, 46] .
All the vertices are OZI allowed in this two step process. A simple estimate of the amplitude can be obtained in the unitarity approximation when the intermediate particles KK are on the mass shell. It gives the imaginary part of the amplitude which is of the right order of magnitude, but for a quantitative agreement the real part is essential, and the full calculation of the hadronic loops is needed [45, 46] .
Lipkin cancellations in hadronic loops
Since two-step (one-loop) mechanisms tend to be large, one faces the problem of avoiding too large corrections to the OZI rule [19, 39, 40, 41, 43, 44] . It turns out that cancellations between various intermediate states can suppress the two step corrections in some cases.
The effect of cancellations for the mass operator in the meson nonets is demonstrated in Table 2 showing the relative sign of the various kaonic intermediate states contributing to the real part of the mixing amplitude in different J P C channels [44] . Nearly perfect cancellation between the KK, K * K , KK * , K * K * terms explains a small deviation from the ideal mixing for J P C = 1 −− , 2 ++ , 3 −− mesons, while no cancellation occurs in the scalar sector where the mixing is known to be large.
A special case is the mass region above one and only one OZI allowed channel threshold. In this case the corresponding loop has an imaginary part which cannot be canceled by other terms. Therefore, with a sufficiently strong coupling to a single OZI allowed channel, dynamical breaking of the OZI rule can occur. The decay φ → ρπ is a particular example of this effect. In the following section we consider how the two-step mechanism works in the case of pp annihilation.
Two Meson Doorway Rescattering Mechanism in pp → φπ
The OZI rule violation in the pp → φπ at rest is rather strong: BR(pp → φπ)/BR(pp → ωπ) = 0.096 ± 0.015 [8, 11, 12] . The two-step mechanisms in [44] and the corresponding deviation from the ideal mixing (Θ − Θ i ) (deg).
pp → φ + X were studied in [21, 22, 23, 24, 25, 27] . The most important intermediate states are KK * − K * K and ρρ, since they provide the maximum combined strength of the vertex functions (Fig.2) . In the ρρ case the strong annihilation step [47] (a hundred times bigger than the πφ branching ratio) is followed by the strong ρππ vertex and the φρπ vertex of moderate strength. In the KK * case the annihilation step is a factor of 10 weaker [48] , but it is followed by maximum strength for the remaining vertices in the second step. The scalar invariant amplitude has the form (see [27] for details)
where A(K, s) is the spectral density shown in Fig.3 and F a is the form-factor describing the combined off-mass-shell effects for the intermediate state. The results of the one loop calculations are compared with the unitarity approximation and the experimental data in Table 3 . The relative sign of the KK * and ρρ terms is not known. In the case of constructive interference the two step mechanism is in a good agreement with the data. Lipkin cancellations are not likely for this reaction [27] .
Apart from annihilation at threshold the energy dependence carries potentially important information on the OZI rule violation. The energy dependence of the two step mechanism for pp → φπ has been estimated in [24] . The predictive power in this case suffers from too many unknown parameters. Table 3 : Branching ratio for pp( 3 S 1 ) → φπ 0 in the unitarity approximation (UA) and with the off-mass shell effects taken into account (1-loop) in comparison with experiment [11] . The form-factor parameters λ a and λ b [27] are in GeV.
Theory
Two step mechanism 
Two Meson Rescattering Mechanism in pp → φφ
This reaction was studied in [20] in the unitarity approximation. The most important intermediate state is KK (Fig.4a) for it has the maximum coupling to the final state. Notice that the φφ production via the ω − φ mixing is strongly suppressed:
The calculations of the two-step mechanism have correct magnitude in comparison with the experiment [15] as shown in Fig.4b . More data concerning the energy dependence of the φφ production would be very helpful for a further test of the mechanism considered. The energy dependence of the pp → φφ cross section calculated for the two step mechanism [20] . Experimental data from [15] . and φρ channels at different energies. The OZI rule violation in these channels is not dramatic compared with the level given by the ω − φ mixing (Θ − Θ i ) 2 ∼ 4 · 10 −3 . The measured branching ratios for the reactions pp → φρ, φω at rest are given in Tab. 1. The OZI rule violation in the φω channel, BR(φω)/BR(ωω) = (19 ± 7) · 10 −3 (liquid) [8, 35] , is comparable with the effect in the φρ channel. [50]
The two-step mechanisms with two particles in the intermediate state were considered in the unitarity approximation in [23] where the calculated branching ratios for the φρ and φω channels were found to be almost two orders of magnitude smaller than the data. The off-mass-shell corrections have not yet been calculated for these processes. It is also not excluded that the intermediate states with more than two particles (like ρρπ, K * K π in the case of φρ) are important.
Conclusion
Two step mechanisms play an important role in the observed violations of the OZI rule in the pp annihilation at low energies.
-The two meson rescattering mechanisms forpp → πφ including all off-massshell effects have a size almost two orders of magnitude bigger than the OZI tree level expectations, in agreement with the measured branching ratios at rest. The K * K rescattering mechanism does not request any unexplained OZI violation for the individual vertices in the diagrams. -The φφ production in the pp annihilation at √ s < 2.5 GeV can be explained by the two step mechanism with the intermediate state KK.
-The φγ/ωγ ratio in the pp annihilation at rest can be explained by the VDM. The (ρ → γ) + (ω → γ) interference is destructive for ωγ and constructive for φγ.
Thus the most drastic violations of the OZI rule can be explained by the known mechanism of rescattering. In particular no substantial ss component in the nucleon is required. Further studies of the OZI rule breaking due to two step corrections in other annihilation channels (φρ, φππ,φω) and the energy dependence of the φ production would be very desirable.
